During skin penetration, infective hookworm larvae encounter hyaluronic acid as they migrate between epidermal keratinocytes and through the ground substance of the dermis. A hyaluronidase would facilitate passage through the epidermis and dermis during larval invasion. Zoonotic hookworm larvae of the genus Ancylostoma were shown to contain a hyaluronidase activity that migrated on modified sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) hyaluronic acid gels with an apparent Mr of 49,000. A second form with an M, of 87,000 was also identified. The major etiologic agent of cutaneous larva migrans, A. braziliense, was shown to have the greatest enzyme activity, hydrolyzing up to 3.3 Kg of hyaluronic acid per h per ,ug of total parasite protein at pH 6.0, whereas A. caninum and A. tubaeforme each had much less enzyme activity. The differences in enzyme activities between species correlated with differences in the intensities of the lytic zones at 49 and 87 kDa on SDS-PAGE hyaluronic acid gels. Hookworm hyaluronidase activity exhibited a broad pH optimum between 6.0 and 8.0 and did not hydrolyze chondroitin sulfate, two features that suggest that the hookworm enzyme is more like the invertebrate leech hyaluronidase than mammalian testicular or lysosomal hyaluronidase. Larvae of A. braziliense were shown to release hyaluronidase activity and degrade radiolabeled hyaluronic acid in vitro. Gold sodium thiomalate was identified as an enzyme inhibitor. The hyaluronidase is the second major virulence factor that we have identified from infective hookworm larvae.
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Clinically, hookworm infection is one of the most important helminthiasis affecting humans (10, 13) . Transmission to humans occurs when the third-stage larvae enter through the skin. Parasite-derived enzymes, including a 68-kDa metalloprotease that we recently identified from Ancylostoma duodenale and A. caninum (14) , appear to facilitate this process. In addition to a protease, the early literature describes a so-called "spreading factor" from infective helminth larvae that causes dissemination of dyes that were previously injected into skin (17, 18) . The spreading activity was postulated to be a hydrolytic enzyme that depolymerizes the mucopolysaccharide hyaluronic acid, a major component of the dermal ground substance (17, 19, 30) .
Hyaluronic acid not only constitutes the ground substance of the dermis, but also functions as a cell adhesion molecule (22) . Cell-to-cell adhesion is mediated by a hyaluronic acid receptor that is preferentially expressed on proliferating epithelial cells, such as the keratinocytes in the basal layer of the epidermis (1, 31) . Hyaluronic acid may function as a bridge connecting epidermal cells expressing the receptor. A hyaluronidase from infective hookworm larvae would serve to facilitate migration through the ground substance of the dermis and act as a chemical scissors to break apart cells within the basal layer of the epidermis. We developed assays for hyaluronidase activity to show that infective hookworm larvae of the genus Ancylostoma produce 49 15 ,ul of radiolabeled hyaluronic acid and 2.5 ,ug of cold carrier hyaluronic acid in a final reaction volume of 50 pl for 0 to 18 h at 37°C in 0.05 M sodium acetate buffer (pH 6.0). A negative control reaction was also done in the absence of extract. The reactions were stopped by the addition of 10 ,ul of SDS-PAGE sample buffer containing 1 mM dithiothreitol and 0.1% 2-mercaptoethanol and electrophoresed on a 7.5% polyacrylamide gel. After electrophoresis, the gel was fixed in 40% methanol-10% acetic acid for 1 h prior to autoradiography.
To determine the effect of the inhibitor gold sodium thiomalate (Myocrisin; Merck Sharpe & Dohme, West Point, Pa.) on hookworm hyaluronidase, quantities of the inhibitor ranging from 0.001 mg (0.05 mM) to 1.0 mg (55 mM) were preincubated with 16 ,ug of soluble A. braziliense extracts for 10 min at 37°C prior to incubation with radiolabeled hyaluronic acid and cold carrier hyaluronic acid for 18 h.
RESULTS
To identify a hyaluronidase activity from hookworm larvae, we used a sensitive assay based on the observation that hyaluronic acid, but not its products of degradation, interacts with the carbocyanine dye Stains-All to shift the wavelength of maximal absorbance in the visible spectrum of the dye toward longer wavelengths (5) . We found that differences between the substrate and products of the reaction were detected only by the addition of a small amount of glacial acetic acid to the dye. Hyaluronidase activities were detected in all three species of infective hookworm larvae after overnight incubations of larval homogenates with the substrate (Table 1) . Homogenates of A. braziliense larvae had the greatest enzyme activity compared with homogenates of the dog hookworm A. caninum and another cat To determine whether the enzyme activity was specific for cleaving hyaluronic acid, we also tested another glycosaminoglycan, chondroitin sulfate A, as a possible substrate. Some mammalian hydrolases will typically cleave glycosidic bonds in chondroitin and chondroitin sulfate, whereas some invertebrate hyaluronidases such as that described from the leech will function as an endoglucuronidase that specifically hydrolyzes hyaluronic acid (33) . As shown in Table 2 , chondroitinase activity was found in the commercial preparation of bovine testicular hyaluronidase, but not in A. braziliense.
Hyaluronidase activities from A. braziliense and A. caninum were examined as a function of pH. Activities from both species showed a broad range of optimal pH between 6 and 8, declining sharply under either more acidic or alkaline conditions (Fig. 1) . The overall activity of the A. caninum hyaluronidase was again substantially less than that of theA. braziliense hyaluronidase. The remainder of the hyaluronidase studies from hookworm larvae were done at pH 6. To characterize the hyaluronidase activity further, we separated larval homogenate proteins by SDS-PAGE under nonreducing conditions in a polyacrylamide gel that contained the hyaluronic acid substrate. This technique allowed the detection of hyaluronidase activity within the gel, based on the principles that (i) the polyacrylamide matrix immobilizes the high-molecular-weight substrate and prevents its migration in an electrical field, (ii) the gel is incubated under conditions that allow degradation of the substrate by the enzyme, and (iii) the substrate within the matrix stains with the carbocyanine dye Stains-All to create a blue background on which a pink zone of hyaluronidase activity will appear 9 ) and incubated at 37°C. After 22 h, 0.9 ml of the Stains-All solution was added and the A64o was determined. A second, expanded scale for the pH optimum of A. caninum hyaluronidase activity is also shown. (8) . The polyacrylamide gel detection of hyaluronidase activity was modified to incorporate SDS within the gel and running buffer, thus allowing the parasite proteins to separate by apparent molecular mass. Incubation of the gel in the nonionic detergent Triton X-100 facilitates the displacement of the SDS and allows the enzyme to renature within the gel (14) , thereby permitting visualization of the hyaluronidase activities that separate by apparent molecular weight.
The larval homogenates of both A. braziliense and A. caninum exhibited a major band of hyaluronidase activity having an Mr of 87,000 (Fig. 2) . When the same amount of parasite protein was applied to the gel, the intensity of A. braziliense activity was much greater than that of A. caninum and reflected the differences in enzyme activity seen in Table 1 activity gel after the larval homogenates had been frozen and thawed in low-ionic-strength buffer (0.05 M sodium acetate).
As seen in Fig. 3 , the hyaluronidase activities from A. braziliense, A. caninum, and A. tubaeforme each migrated with an Mr of 49,000, suggesting that this form of the enzyme is derived from a higher-molecular-weight precursor. Unlike the 87-kDa form, the 49-kDa form is highly resistant to further biochemical manipulation. The shift in molecular weight may reflect dimer formation. The presence of SDS in the gel did not denature the enzyme activity after reactivation with Triton X-100, although the possibility remains that we did not detect other hyaluronidases that were otherwise denatured irreversibly by detergent. In some cases, pink bands would appear on the gel that were not associated with hyaluronidase activity, especially at the bromophenol blue dye front and with one commercial preparation of molecular weight markers. To confirm that the 49-kDa band reflected hyaluronidase activity, we heat inactivated the sample to show that disappearance of the band correlated with a loss in activity (data not shown).
To determine whether living larvae release the hyaluronidase activity in vitro, we incubated them with radiolabeled hyaluronic acid at 37°C. The reaction mixture was subsequently sampled at hourly intervals prior to application onto SDS-PAGE and then autoradiography (Fig. 4) . The larvae began to hydrolyze the substrate by 1 h and went on to completely degrade the hyaluronic acid. Intermediate products of digestion were not seen on autoradiography, suggesting that the larvae hydrolyzed the substrate to very low molecular weight sugars. No hyaluronidase activity was identified in the negative control larval washings over the same incubation period.
The radiolabeled hyaluronic acid was also enzymatically digested by soluble extracts of A. braziliense. Extracts containing approximately 16 jig of protein hydrolyzed the substrate in a time-dependent manner and proceeded to completion by 18 h (data not shown). To identify a potential inhibitor of the hyaluronidase from hookworm larvae, we repeated the experiment by preincubating the soluble extracts with various concentrations of gold sodium thiomalate (Myocrisin) for 10 min at 37°C (Fig. 5) . This compound was shown previously to inhibit sperm hyaluronidase (17, 18) . At a concentration of 1 completely inhibited the enzymatic digestion of radiolabeled hyaluronic acid by A. braziliense soluble extract over 18 h.
Partial inhibition was apparent when the inhibitor was used at a concentration between 5 and 33 mM, while there was little or no inhibition below 5 mM.
DISCUSSION
Our results suggest that in addition to a protease, hookworm larvae of the genus Ancylostoma produce a second enzyme that may function as a virulence factor in larval invasion, namely, a hyaluronidase. We identified both 87-and 49-kDa forms of the enzyme, each found in A. braziliense,A. caninum, and A. tubaeforme. The greatest enzyme activity was found in A. braziliense, the species classically identified as the cause of cutaneous larva migrans (7, (27) (28) (29) .
The carbocyanine dye binding method for hyaluronidase detection (5) was sensitive enough to measure the enzymatic activity found in 60 ng of total protein from A. braziliense larval homogenates and was more sensitive than turbidimetric measurements (6) braziliense hyaluronidase by gold sodium thiomalate. Approximately 16 ,ug-of larval soluble extract in 0.5 M sodium acetate buffer (pH 6.0) (prepared by grinding the larvae in a glass homogenizer and then centrifuging in a microcentrifuge for 10 min at 12,000 x g at 4°C and recovering the supernatant) was preincubated with various concentrations of gold sodium thiomalate for 10 min at 37°C. The reaction was initiated by the addition of approximately 0.45 p.g of [3H]hyaluronic acid (approximate specific radioactivity of 27,000 cpml,ug) and 2.5 pLg of cold carrier hyaluronic acid and allowed to proceed for 18 h at 37°C. A control reaction was done in the presence or absence of larval soluble extract and the absence of inhibitor. The reactions were stopped by the addition of 10 pLl of SDS-PAGE sample buffer (containing 2-mercaptoethanol) and applied on an SDS-7.5% polyacrylamide gel prior to autoradiography. (25) . Hookworm larval hyaluronidase activity was not detected by either of these latter methods (data not shown), an observation in agreement with a previous study (17) .
Hyaluronidase pH optima are characteristically sensitive to changes in salt concentration and protein concentration and to oligomerization of the subunits (12) . We found that the pH optima of the hyaluronidases from A. braziliense and A. caninum were similar to that described from the leech Hirudo medicinalis, which has activity in the neutral pH range (33) , but were different from the pH optima reported for mammalian hyaluronidases such as sperm hyaluronidase (12) , which are active in the acid pH range. The absence of chondroitinase activity in hookworm larval homogenates further suggests that the hookworm hyaluronidase belongs to the class of endoglucuronidases that characterize the invertebrate leech hyaluronidase but not to a class of mammalian hyaluronidases (33) .
The intensity of larval hyaluronidase activities seen on SDS-polyacrylamide gels correlated with the quantitative activities measured in liquid-phase assay. Just as a larval homogenate of A. braziliense had the greatest quantitative enzyme activity, it also produced the greatest amount of substrate lysis on activity gels. The activity zone migrated with an apparent Mr of 87,000. The other zoonotic hookworm species also produced lytic zones at this molecular weight but with less enzyme activity. The Mr of the Ancylostoma species hyaluronidase is similar to that described for the two monomeric forms (alpha and beta) of sperm hyaluronidase having Mr values of 89,600 and 81,200, respectively (12) , and for the bacteriophage-associated hyaluronidase that was reported to be a glycoprotein with an Mr of 71,000 (4). Interestingly, the open reading frame of a gene corresponding to the streptococcal hyaluronidase predicts a polypeptide with an Mr of 40,000, suggesting that the enzyme is heavily glycosylated (15) .
A second form of the enzyme, from Ancylostoma spp.
having an Mr of 49,000, was also seen. We believe that the two forms are related and that possibly the 49-kDa form was derived from the 87-kDa form through degradation by proteolysis or gluconylysis. The evidence for degradation is that (i) repeated freezing and thawing of the larval homogenate resulted in the appearance of the 49-kDa form and (ii) preparation of the homogenate at nonphysiological high ionic strength or by rapid freezing in dry ice sometimes prevented the appearance of the 49-kDa form. Hyaluronidases are reported to be destabilized at low ionic strength and by manipulations such as shaking and dialysis (12) . As an alternative explanation, some hyaluronidases can oligomerize by forming intermolecular disulfide bonds to produce the oligomer series run m, 2m, 4m, 6m, etc. (11, 12) . Thus, the 49-kDa hookworm hyaluronidase may represent the true monomeric form of the enzyme that forms an 87-kDa dimer. We have recently found that during purification, only the 49-kDa form can be recovered; this form also binds to hyaluronic acid affinity resins. Our finding that living larvae of A. braziliense release a hyaluronidase suggests that the enzyme may function during the initial stages of parasite invasion through human skin. Hookworm larvae first encounter hyaluronic acid shortly after entry into the skin as they try to negotiate passage between the keratinocytes located in the basal layer of the epidermis. Hyaluronic acid mediates both the attachment between keratinocytes in this deep epidermal layer and the attachment of keratinocytes to the basement membrane of the epidermis-dermis junction (1) . Release of a hyaluronidase by invading hookworm larvae would facilitate both passage between these cells and access to the basement membrane. The observation that A. braziliense has the greatest hyaluronidase enzyme activity is consistent with its ability to migrate through the deeper layers of the epidermis where these larvae are characteristically found in histopathologic sections of skin in patients with cutaneous larva migrans (29) . In contrast, the zoonotic dog hookworm A. caninum which by comparison contains much less hyaluronidase activity is an uncommon cause of cutaneous larva migrans (21) . Most members of the genus Ancylostoma, including A. caninum, A. tubaeforme, and A. duodenale, can infect their host by either the oral or percutaneous route (26) , whereas A. braziliense is thought to be an obligately skin-penetrating parasite. The differences in hyaluronidase activity may also underlie these differences in migratory behavior, whereas the proteases of these species are similar (14) .
Hyaluronic acid is also a major component of the ground substance of the dermis. Cinematographic studies of hookworm larvae migrating through skin show that the dermis offers little resistance to advancing larvae (20) ; this is possibly related to a hyaluronidase secreted by these parasites. Our finding that gold sodium thiomalate, a low-molecularweight inhibitor of mammalian hyalurondase (23, 24) , also inhibits the hyaluronidase from A. braziliense will be useful as a tool to explore the function of this enzyme as a virulence factor in ancylostomiasis. We are also exploring the hypothesis that hyaluronidases are virulence factors for a number of infectious agents that invade connective tissue including bacteria (4, 9, 15, 32), protozoa, helminths (17, 18) , and arthropods (2, 3), as well as metastasizing tumor cells.
